The physiological mechanisms underlying Stage II transport (STII), during which comminuted solid food is transported from the oral cavity into the meso-pharynx for aggregation into a pre-swallow bolus, have yet to be clarified. The purpose of the present study was to investigate relationships between tongue-palate contact during mastication and incidence of STII by synchronised analysis of tongue pressure production on a hard palate and video-endoscopic (VE) images during mastication.
Summary
The physiological mechanisms underlying Stage II transport (STII), during which comminuted solid food is transported from the oral cavity into the meso-pharynx for aggregation into a pre-swallow bolus, have yet to be clarified. The purpose of the present study was to investigate relationships between tongue-palate contact during mastication and incidence of STII by synchronised analysis of tongue pressure production on a hard palate and video-endoscopic (VE) images during mastication.
Tongue pressure at 5 measuring points with an ultra-thin sensor sheet attached to the hard palate and trans-nasal VE images while masticating corned beef was recorded for 12 healthy subjects. All recordings were divided into 2 groups: mastication with STII and without STII. Tongue pressure duration was longer at the anterior-median part in the group with STII than in the group without STII. Integrated values of tongue pressure were greater at the anterior-median parts and posterior circumferential part in the group with STII. Integrated values of tongue pressure per second were greater in late-stage mastication than in early-stage mastication in the group with STII. These results suggest that the tongue-palate contacting at the anterior-median and post-circumferential parts of the hard palate is related with the incidence of STII.
K E Y W O R D S
food transport, mastication, palate, pressure, swallowing, tongue represent the main causal factor behind aspiration in elderly individuals, who require a greater amount of stimulation to achieve the pharyngoglottal closure reflex and protect the larynx from bolus penetration. 5 In previous VF studies, STII was observed with active tongue movement, 3 and incidence changed with neither head posture nor food type, but showed individual variations. 6, 7 These findings suggested the possibility that the incidence of STII was related to the state of tongue-palate contact; in other words, that the state of tongue-palate contact changes with the incidence of STII.
However, these relationships have yet to be clarified. Elucidation of the mechanisms underlying STII could be useful for clarifying how the muscle dynamics work under peripherally controlled oropharyngeal coordination.
Detailed evaluation of the state of tongue-palate contact at the time of chewing and swallowing requires a device to record the production of pressure against the palate under natural conditions. Hori et al 8 investigated pressure production during the whole sequence of ingestion including chewing and swallowing gummy jelly using an artificial palate with 7 pressure sensors, and found that the duration and magnitude of tongue pressure increased in the masticatory period before swallowing. An ultrathin sensor-sheet that can be attached to the hard palate has since been developed 9 and utilised in the assessment of tongue pressure production during swallowing in young and elderly healthy subjects 10 and in stroke patients. 11, 12 Videoendoscopy (VE) enables transnasal visual observation of the bolus in the pharynx, and is now widely utilised in the diagnosis of dysphagia. [13] [14] [15] Bolus transport into the pharynx can at least be observed with VE before swallowing. 16, 17 In the present study, tongue pressure production by the sensor sheet system and VE images were recorded simultaneously to investigate the relationship between the state of tongue-palate contact and the incidence of STII in healthy subjects. 
| MATERIAL S AND ME THODS

| Subjects
| Data recording
All data were collected with distinct equipments. A videoendoscopy system composed of a nasopharyngeal endoscope (ENF type P-4; Olympus, Tokyo, Japan) and a digital video recording device (WV-D9000, SONY) with microphone and mixer (MX-50, SONY). A jaw movement was recorded by digital video camera with microphone. These videos were recorded at 30 frames/s.
A tongue pressure sensor sheet system (Swallow Scan, Nitta, Osaka, Japan) was connected to a personal computer (Let's note, Panasonic, Japan) for recording the data at 100 Hz. (Figure 1 ), 9 which beeped at the time of starting to measure and record a tongue pressure. The beep sound has had a role of a signal of the start of mastication. The recorded videos were imported to the video-editing software (Edius Neo 2; Thomson Canopus, Kobe, F I G U R E 1 Experimental setting of this study with videoendoscopy, tongue pressure measurement system and jaw movement tracking system Japan) on a personal computer. The beep sound, which was recorded by the videoendoscopy and the jaw movement recording system, was employed as a temporal reference to temporally align tongue pressure with VE images and jaw movements. In addition, the voice memo recorded in the videos was used to note subject behaviours during investigation. These recorded sound and image data were used for identifying swallowing movements on the video-editing software.
| Tongue pressure
Tongue contact pressure against the palate was measured with a tongue pressure sensor sheet system (Swallow Scan, Nitta, Osaka, Japan) ( Figure 1 ). 9 The tongue pressure sensor sheet was 
| Videoendoscopy
A nasopharyngeal endoscope was inserted transnasally into the pharynx, with the tip positioned so that the interarytenoid notch could be positioned in the centre of the field of view ( Figure 1 ). The endoscope was set high so that the uvula could appear at the lower border of the view field. 15 The Video-editing software on a personal computer, as mentioned above, was used to measure the time from the beep sound to the points at which the tip of the bolus was ob- STII by videoendoscopy, we did not visualise tongue movement for STII or bolus movement from the fauces to the oropharyngeal area, and therefore the above original definition of STII is not precisely reflected in our study. Therefore, referring the prior study, 17 we defined bolus aggregation on the oropharynx on the endoscopic image as STII, and STII from the start of chewing to OWO as the incidence of STII in the present study.
| Swallowing movements
It was reported that 1 sequential ingestion usually involved more than 1 swallow event after taking a single natural bite of hard food, 19, 20 in that some interposed swallows occurred preceded and succeeded by chewing cycles. An interesting point here is that there was a significant difference in the jaw cycle duration between chewing and swallowing, occlusal and opening phases in particular. 18 
| Tasks
Subjects were asked to sit in a chair and adopt a natural posture.
The test foods were placed on the dorsum of the subject's tongue, and they were instructed to chew it after a beep sound had been given without delay, and to raise a hand to indicate when swallowing was complete. The evaluator confirmed that subjects started chewing without delay as instructed. As they had raised their hand, subjects were instructed to open their mouth. We then confirmed that tongue pressure had been measured in the unloaded state for at least 3 seconds, and measurement was concluded. Test foods were a single mouthful of corned beef (CB, 4 g), with the order and number of trials comprising 5 times. 
| Data analysis
| RE SULTS
| Relationship between appearance of STII transport and the tongue-palate contact
We excluded the trials in which the video was unclear due to adhesion of the bolus to the lens at the tip of the endoscope, or in which analysis could not be performed for technical reasons such as the tongue pressure sensor sheet detached from the palate during mastication and swallowing and tongue pressure measurement that be- Integrated value of tongue pressure from the start of mastication to OWO in Chs1, 2, 4 were significantly larger in the STII (+) group than in the STII (−) group (Ch1: P = .018, Ch2: P = .020, Ch4: P = .035).
In Chs3, 5 there was no significantly difference between the groups ( Figure 5 ).
| Changes in tongue-palate contact mode associated with progress of mastication
A comparison of the early and late mastication showed that in the STII (+) group, integrated tongue pressure per second was significantly higher during late mastication compared with early mastication for Chs1 (P = .036), and 5 (P = .033) ( Figure 6A ). However, no difference was apparent between the integrated values in the early and late mastication for Chs2, 3 and 4. In the STII (−) group, integrated pressure showed no difference between the early and late mastication for Chs all ( Figure 6B ).
| D ISCUSS I ON
| Methodological consideration
In this study, the integrated value per second was used in addition to the magnitude and duration of tongue pressure so as to evaluate the tongue pressing efficiency (TPE) generated by contact between the tongue and palate during each stage of mastication. The integrated value of tongue pressure is an index of the amount of work produced by the pressure between the tongue and the palate, and Observational studies of mastication and swallowing dynamics with VF 3, 6, 7, 24, 25 and tongue pressure measurements 8, 26 have strongly suggested the possibility of a close connection between tongue movements during mastication and transport of food into the pharynx before swallowing. Our study provides evidence demonstrating that tongue-palate pressure mode is one of the factors for generating transport of food into the pharynx before swallowing, which has been obtained from our experimental system that enables simultaneous measurement of tongue pressure with a tongue pressure sheet during natural mastication and recording of the endoscopic food bolus observation.
| Relationship between state of tongue-palate contact and appearance of STII transport
We have shown the 2 findings. First, tongue contact duration in Ch1 in the STII (+) group is long, and integrated tongue pressure in Chs1, 2 and 4 in the STII (+) group are high. Second, TPE in Chs 1 and 5 in the STII (+) group are high throughout late mastication.
Based on the past VF studies, 3, 4, 6, 7 it can be hypothesised that early mastication comprises biting and crushing food and prepara- In this study, although almost all the CB trials were analysed, the sensor sheet frequently became detached, or the endoscope lens contacted something, which made the view field unclear, resulting in defective data recording that meant more tests had to be excluded. The sheet may also have been more easily detached when pieces of food penetrated the space between the sheet and palate. Despite these limitations, the incidence of STII calculated in this study was consistent with the VF study by Takeda et al 7 describing the incidence of STII for CB. The frequency of STII is different among individuals, however we have shown the tongue-palate contact mode which influence the appearance of STII with individual variation considered for the analyses.
| CON CLUS ION
The results of this study showed a close relationship between the appearance of STII and tongue-palate contact mode. As tongue movements vary within and between individuals, it may be possible to elucidate the mechanism of STII appearance by means of more detailed evaluation of the tongue-palate contact mode in individual tests.
